We have studied the influence of transverse compressive stress on the resistance and critical current (I c ) of soldered REBCO tape lap splices. Internal contact resistances dominate the overall REBCO lap splice resistances. Application of transverse compressive stress up to 250 MPa during the resistance measurements does not alter the resistance and I c of the soldered REBCO splices that were studied. The resistance of unsoldered REBCO tape lap splices depends strongly on the contact pressure. At a transverse compressive stress of 100 MPa to which Roebel cables are typically exposed in high field magnets, the crossover splice contact resistance is comparable to the internal tape resistances.
Introduction
The electrical interconnection of superconductors enables their application in devices like electromagnets. As an example, the about 8000 superconducting magnets of the LHC [1] are interconnected with several ten thousand splices [2, 3, 4] . Splices are also required in hybrid magnets or in graded magnets [5] and in the magnets of fusion energy reactors [6] .
Roebel cables made of punched REBCO tapes are considered for use in future very high field accelerator magnets [7] . In this article we compare REBCO tape splice resistances with those of other superconductors, notably Bi-2223 tape and MgB2 wires, and with Nb-Ti and Nb 3 Sn lap splice resistances that we have reported previously [8] . The electromechanical splice properties are important for applications where the splices are submitted to substantial mechanical loads. The influence of tensile loading on the electrical resistance of REBCO splices at 77 K has already been 2 reported in [9, 10, 11] . Here we present results that show the influence of transverse compressive stress on the resistance of REBCO tape lap splices.
In accelerator magnets the superconductor cable is mainly subjected to transverse compressive loads. For instance the transverse stress to which a REBCO Roebel cable will be subjected in the EuCARD2 demonstrator magnet has been calculated to be 110 MPa at 13 T. For a 20 T magnet calculations predict a transverse stress of 150 MPa [12] . The resistance at the crossovers of Roebel cables influences the current sharing between the tapes. In order to estimate the resistance of the tape cross overs we have measured the 77 K electrical resistance between unsoldered REBCO tape lap splices as a function of transverse compressive stress.
Experimental details

The splice samples
Metallographic cross sections of the REBCO and Bi-2223 tapes, and the MgB 2 wires that were used for splice studies are shown in Figure 1 . (a) The Bi-2223 type HT-CA powder-in-tube (PIT) tape from Sumitomo Electric Industries (SEI) has an Ag matrix, and it is reinforced by two 50 μm-thick laminated brass sheets [13] . The solder between the Ag alloy matrix and the reinforcement has an average thickness of about 11 μm. (b) The SEI Bi-2223 type G tape is made of an Ag-Au5.4wt.% matrix in order to reduce thermal conductivity at low temperatures for use as current leads [14] .
(c) The type 8700 REBCO tape produced by American Superconductor (AMSC) has a 80 μm-thick Ni-5at.% W substrate. The tape is stabilized and mechanically reinforced by two 160 μm-thick laminated layers of brass [15] . (d) The SuperPower (SP) tape type SCS4050 consists of the about 1 μm-thick REBCO layer on a stack of biaxially textured buffer layers, a 50 μm-thick Hastelloy C-276 substrate, two ~2 μm-thick Ag layers and two 20 μm-thick electrolytically deposited Cu stabiliser layers [16] .
(e) The ex situ MgB 2 PIT wire produced by Columbus Superconductors SpA and the (f) in situ MgB 2 PIT wire from Hyper Tech Research Inc. have both a Monel matrix, and in both wires the MgB 2 filaments are surrounded by Nb diffusion barriers [17] . The superconductor main characteristics that influence splice resistance are summarised in Table 1 . 
Electromechanical splice characterisation
The electromechanical behaviour of the HTS tape lap splices under transverse compressive loads has been investigated using a universal test machine (UTM) from Hegewald & Peschke MPT GmbH. The lap splices are mounted on a flat stainless steel sample holder that is connected to the bottom of the reverse load frame of the UTM ( Figure 3 ). A 20 mm wide flat stainless steel pressing tool is used to apply the compressive stress. The projected area used for the calculation of the transverse stress is determined from the tape width and the splice overlap length. The alignment of the sample holder with respect to the pressing tool was verified at ambient temperature using Fuji Pressure Measurement Film. This guarantees that the pressing tool acts only on the overlap area.
As can be seen in Figure 1 the tapes are not perfectly flat, which can lead to localised stress concentrations that vary from the average stress calculated from the force and the projected splice overlap area. To avoid electrical contact between sample holder, tape and compression tool, the lap splices are insulated with adhesive Polyimide tape, as depicted in Figure 3 . For the resistance measurements the sample holder has been immersed in liquid nitrogen at ambient pressure. More details about the setup can be found in [18] .
All resistance measurements reported in this article have been performed in self-field. REBCO splice resistance measurements in external field without application of external stress are reported in [19] . Table 2 compares the resistance of splices made of the Nb based wires, HTS tapes and MgB 2 wires. Here we present resistance results as resistance × splice overlap length (nΩ.cm), assuming that the electrical resistance of superconductor lap splices is inversely proportional to splice overlap length [20] . The tape lap splice resistances are also presented as splice resistance × splice overlap surface area (nΩ.cm 2 ). All HTS splices were tested in liquid nitrogen boiling at ambient pressure, and the Nb-Ti, Nb 3 Sn and MgB 2 splices were tested in liquid helium. Figure 5 shows the voltage vs current (V-I) curves of the SuperPower tape SC-SC and substrate-substrate lap splices with 5 mm overlap length at zero stress, and while applying a maximum stress of up to 260 MPa at 77 K. As can be seen in Figure 5 , such transverse pressures do not significantly change the SuperPower tape lap splice resistance and critical current. 
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Figure 5: V-I curves of the soldered SuperPower tape SC-SC and substratesubstrate lap splices with 5 mm overlap length at zero stress and at a transverse compressive stress of 260 MPa and 220 MPa, respectively.
The V-I curves of the AMSC SC-SC lap splice with 3.5 mm overlap length were measured at zero stress and up to transverse compressive stress of 460 MPa. It can be seen in Figure 6 that no resistance and I c change was observed up to 400 MPa. In order to increase further the stress it was necessary to use a 1 mm-wide pressing tool. A resistance increase from 1.3 to 2.2 µΩ was observed at 460 MPa, without a strong change of the critical current. 
Unsoldered lap splice resistances as a function of transverse compressive stress
In order to determine the Cu stabiliser contact resistance at the crossovers of the tapes in Roebel cables, the 77 K resistance of a pressed unsoldered lap splice was measured as a function of transverse compressive stress. Before mounting the tapes on the stainless steel sample holder they were cleaned with Scotch-Brite and ethyl alcohol. The tapes were fixated and insulated from the sample holder and pressing tool by means of adhesive polyimide tape.
The resistance of an unsoldered SuperPower SC-SC lap splice with 3 mm overlap length at different transverse stresses is presented in Figure 7 . The strong pressure dependence of the contact resistance between the opposing Cu stabiliser surfaces is obvious. In Figure 8 the resistances of four unsoldered SuperPower SC-SC lap splices, with overlap lengths ranging from 3-10 mm, are presented as a function of transverse compressive stress. In all cases the first resistance measurement was performed at a transverse compressive stress of 12.5 MPa, and after each stress step the stress was again released to 12.5 MPa and the resistance was re-measured (empty symbols in Figure 8 ). The initial contact resistances of the different splices differ by about one order of magnitude, but the trends how the resistance decreases with increasing pressure are similar for all splices. At a pressure of 100 MPa the resistance of all unsoldered splices is comparable or lower than the resistance of soldered SC-substrate splices with the same overlap length. The resistance evolution as a function of transverse compressive stress of two unsoldered AMSC SC-SC splices with an overlap length of 5 mm is presented in Figure 9 . In Table 3 the unsoldered lap splice resistance values at 12.5, 50, 100 and 200 MPa are compared with the resistances of the corresponding soldered SC-SC and SC-substrate splices. At a pressure of 100 MPa the contact resistance of the unsoldered splices is lower than that of soldered AMSC SC-substrate splices with the same overlap length, which is the lowest possible resistance of the tape crossovers in a Roebel cable. The resistance of a mechanical splice is at 100 MPa contact pressure roughly 4-8 times higher than that of a splice soldered in the favourable SC-SC configuration. 
Discussion
The electrical interconnection of superconductors is most commonly performed by soft soldering of lap splices. In this study we compare lap splices made of superconductors whose composition and architecture differ strongly, and whose electrical resistance varies by four orders of magnitude.
Ductile materials like Nb-Ti or unreacted Nb 3 Sn wires can be interconnected by solid state welding (e.g. by ultrasonic welding [3] or by electromechanical pulse technology [22] ), without additional solder material. Lap splice resistances of less than 5 nΩ.cm can be achieved when welding the Nb-Ti or Nb 3 Sn wires over a length of 1 cm. The resistance of such splices is determined by the resistance of the high purity Cu matrix through which the current flows from the superconducting filaments of the conductors to be interconnected. Contact resistances can be neglected [22] . 14 The resistance of soldered Nb-Ti or Nb 3 Sn splices depends significantly on the electrical resistivity of the solder that is used [23] . The solders used in the present study (Sn60Pb40 and Sn96Ag4) have both a relatively low 4.2 K resistivity, and their influence on the overall splice resistance is also comparatively small. As an example, the 4.2 K electrical resistance of soldered Nb-Ti and Nb 3 Sn wire splices is about 20 nΩ.cm higher than that of welded splices [23] .
The 4.2 K resistance of the in situ and ex situ MgB 2 wire splices exceeds 3000 nΩ.cm. This high resistance is determined by the bulk resistance of the Monel matrix, whose 4.2 K resistivity is roughly three orders of magnitude higher than that of high purity copper. MgB 2 filament to matrix resistances may also contribute to the overall splice resistance [24] . The influence of the solder layer on the overall MgB 2 splice resistance can be neglected.
The resistance of REBCO tape splices is dominated by resistances inside the tapes, and the influence of the solder on the overall splice resistance is small. Therefore, the resistance cannot be reduced significantly by splice welding instead of soldering [25] . A substantial reduction of the relatively high REBCO splice resistances is only possible by reducing the resistances inside the tapes.
The REBCO SC-SC splice resistance is much lower than that measured in configurations where the current has to pass through the high resistivity substrates (Hastelloy C276 or Ni5at.%W). Resistances in the order of 10 µΩ.cm are obtained when connecting the tapes with their substrate sides facing each other. Bridge splices of two SC-SC lap splices can in some cases be used to avoid the excessive resistances of SC-substrate or substratesubstrate splices.
Even if a transverse compressive stress is applied during the resistance measurements of the SuperPower (up to 260 MPa) and AMSC (up to 400 MPa) tapes, the splice resistance does not change ( Figure 5 and Figure  6 ). Also the critical current and n-value are not affected by such transverse pressures, which makes it possible to produce mechanical REBCO lap splices without soldering [6, 26] .
The resistance of unsoldered SC-SC lap splices depends strongly on the transverse pressure. At a pressure of 100 MPa the contact resistance between the opposing stabiliser surfaces is comparable or lower than the soldered SCsubstrate lap splice resistance of the corresponding tapes. Thus, in Roebel cables at a pressure of 100 MPa the cross-over resistance of the individual tapes is comparable to the internal tape resistances (contact and substrate 15 resistances), provided that the opposing stabiliser surfaces are clean and without intermediate layers of other materials for instance from impregnation.
